An electrically isolated particle on a substrate surface will be electrically charged when a plasma is applied above it. We show that the magnitude of this charge is determined by a balance of the impeding ion and electron fluxes that are strongly influenced by the nearby substrate. By simulating this process we find that the charge density of the particle can be much higher than that of the substrate. This is due to the height of the particle, which causes additional electron collection.
I. INTRODUCTION
In recent times plasma cleaning has become an important tool in numerous high-end applications (see e.g. 1 and references therein). Many such plasma cleaning tools are based on sputtering or etching of the contaminating particles.
An alternative method is to lift entire dust particles off the substrate in one piece. This can be done by applying a plasma above the substrate, as has been demonstrated by Sheridan et al. 2 . Further research on this has been done by e.g. Flanagan and Goree 3 , Wang et al. 4, 5 and Hartzell et al. 6 . They qualitatively demonstrate that the plasma creates a force that may loft particles. The exact magnitude of this force has, however, never been measured quantitatively.
The plasma effect is thought to be an electric force 3, 7, 8 . It is caused by a combination of an electric field and charge on the particles. Both of these originate from the plasma sheath; the plasma electrons charge both the substrate and the particles and cause an electric field. The sheath electric field has been researched using models (e.g. [9] [10] [11] ) and experimental measurements (e.g. [12] [13] [14] [15] ). The particle charge, on the other hand, is less well known.
The standard theory for calculating charge on particles in a plasma is the Orbit Motion Limited (OML) theory, initially developed for Langmuir probes 16 . It calculates the charge on a floating particle surrounded by a sheath. This does not, however, hold for particles on a substrate, because their charge is strongly influenced by the substrate charge and sheath. In this case, the charge depends on whether the substrate and the particle are electrically conductive.
If both the substrate and the dust particle are conductive, the dust particle will have roughly the same surface charge density as the substrate. This will lead to a negative charge in the order of 1 to 10 electrons on the dust particle 7, 17 ; this is very low. In addition to this mean charge, there are also charge fluctuations, as simulated by Sheridan and Hayes 7 . They showed that these fluctuations can be higher than the mean charge, up to 10 4 e, where e is the elementary charge.
On the other hand, if the dust particle is nonconductive, the mean charge can be much higher. Wang et al. 17 have experimentally measured this to be up to 10 6 e. However, to our knowledge, there are no published models that can simulate the charging of an insulating dust particle on a substrate.
In this paper we present such a model. It is a new model that can predict the charge on an insulating particle on a substrate under a plasma. It is based on a screened electric potential (see section II). The results obtained from this model will be compared to experimental measurements by Wang et al. 17 and two simple charge estimates, based on a charge density and a capacitor model. Additionally, the results are used to predict the plasma cleaning force (section III). This will help in the creation of new, efficient plasma cleaning tools.
II. MODEL BASICS
The goal of this paper is to simulate a dust particle on a substrate. The substrate is modelled as an infinitely large charged surface and the dust as a charged sphere.
We use a particle model that models the movement of individual ions and electrons under the influence of these two charged bodies. Their influence is assumed to be due to electrostatic attraction and repulsion. These are quantified by deriving the electric fields from the screened electric potential (section II A). The fields will be used to establish the differential equations that govern the electron and ion movement (section II B). We neglect all collisions between ions and electrons, and only take their influence on each other implicitly into account through the screened electric potential.
A. Screened electric potential
The potential φ at a distance r from a charge q is given by
with 0 the vacuum permittivity. When a charge is in a plasma, it is screened by free electrons and ions at a typical length scale of the Debye length λ D . The potential due to a screened charge is
To find the electric field due to an infinite charged surface, one would generally take the derivative of equation 1 to find the electric field due to an infinitesimal part of the surface; and integrate this over the surface for the total field. By doing the same for equation 2 we get
Here σ is the surface charge density, h is the distance away from the surface andĥ is the unit vector in this direction. This equation is not strictly valid, because it assumes that all charges on the plate are independently screened, while in reality screening is caused by electron and ion density variations in the surrounding plasma. For a more accurate value, one would have to use a more sophisticated plasma sheath model, but for simplicity reasons we will stick to this approximation.
For the dust particle, we need the electric field due to a charged sphere. From basic electrostatics, it is known that the electric field due to a uniformly charged sphere is equal to that of an equally charged point charge at its centre. Therefore the electric field due to a screened charged sphere can be determined from the derivative of equation 2:
Here Q is the charge on the sphere and R is its radius. The factor in the exponent has changed to r −R, because there is no screening inside the sphere. Note that we assume that the sphere is charged uniformly. This is not the case for real non-conducting particles. Sternovsky et al. 18 have measured the charge on non-conducting particles. They conclude that these get patches of charge that do not redistribute over the particle's surface. For simplicity we do not take this into account and assumed the charge on the dust particles to be uniformly distributed over its surface.
When the charged sphere is near the conducting substrate it will cause a so called mirror charge. This charge is induced on the conducting substrate such that it stays at one potential. The electric field due to this mirror charge will, outside the conductor, be equal to the electric field due to a charged sphere, similar to the one causing it, but with opposite polarity and positioned as if mirrored under the substrate surface. So, although the mirror charge is in reality a charge distribution on the substrate surface, we will model its electric field as the electric field from a charged virtual sphere using equation 4.
B. Electron and ion movement
We simulate the movement of a single electron or ion under influence of the substrate and dust sphere. All direct influence of the ions and electrons on each other is neglected. This is, however, implicitly taken into account in the screened potential. The electron and ion movement is thus governed by the differential equation
(5) Here q is the electron or ion charge and m is its mass. r D is the position of the dust particle and h D is its distance above the substrate. In this equation the first term is the electric field from the unperturbed substrate, the second term the electric field from the dust sphere and the third term the electric field from its mirror charge on the substrate.
Because the system has cylindrical symmetry we use cylindrical coordinates: r, h and θ (see figure 1) . The substrate is located at h = 0 and the centre of the dust sphere is located at h = h D and r = 0. For the remainder of this paper we choose h D = R, meaning the sphere just touches the substrate.
III. RESULTS

A. Plasma sheath
To verify the validity of our assumptions, a simple sheath model is created. For this, only the substrate, not the dust sphere, is taken into account ( E sphere = 0). This makes the system essentially 1D, so we can replace equation 5 by
As the initial position, we choose h(0) = 10 · λ D . This is valid, because for h λ D the electric field is negligible: the particle will move at constant velocity until it has reached a point where the electric field is no longer negligible. Therefore this initial position will not influence the result. This is verified to be the case for h(0) > ∼ 3·λ D . The initial velocity depends on the type of charged particle. For the ions, the initial velocity is h (0) = −u B , with u B the Bohm velocity. The ions thus have a velocity directed towards the substrate, due to the pre-sheath. The ion thermal velocity is neglected, because this is much smaller than the Bohm velocity; i.e. u B k B Ti mi , with k B the Boltzmann constant, T i is the ion temperature and m i the ion mass. For the electrons we assume a random thermal velocity. Their initial velocity is drawn from a Gaussian distribution with mean 0 and standard deviation Tee me . Here T e is the electron temperature, e is the elementary charge and m e is the electron mass. Only negative initial velocities are allowed to simulate particles moving into the sheath, towards the substrate.
At the simulation domain edge (h = 10 · λ D ), the ion density n i and electron density n e are equal (n i = n e = n). Their fluxes are thus respectively
and Γ e = n T e e 2πm e .
For each new particle we randomly pick whether it is an electron or an ion, the probability of each being proportional to their flux. The movement of the ion or electron is then calculated using equation 6. It will either hit the substrate or move up out of the simulated area. When the substrate is hit, the charge of the particle is added to the substrate charge. We neglect all other surface interactions, such as secondary electron emission.
A substrate starting with no charge quickly charges negatively, as shown in figure 2 . This is to be expected for a floating surface in a plasma. After the initial negative charging, the potential fluctuates, because of the discreteness of the impinging electrons and ions. The magnitude of these fluctuations has no physical meaning, because it is dependent on the arbitrarily chosen surface size for the charge density in equation 3. The reached mean potential is, however, independent of this chosen area.
The potential of a surface in a plasma can also be determined by theoretically balancing the ion and electron fluxes 19 :
The result, the dashed line in figure 2 , shows that our simulation slightly underestimates the negative potential on the substrate. This is likely due to the assumptions in the derivation of the screened surface potential. From this result we conclude that, even though the sheath model is highly simplified, our results are accurate within a factor two. The dust charge model is based on the same assumptions. Therefore we expect this also to be correct within a factor two.
For the remainder of this paper, the substrate charge does not fluctuate. Instead, we simulate the dust charge as a function of an applied substrate potential.
B. Dust charging
The goal of this paper is to calculate the charge that will accumulate on a dust particle on a substrate. We assume this charge is only caused by either electrons or ions reaching the dust particle and thereby changing its charge by respectively −e and e.
To find the dust charge, we start by calculating whether an electron or ion reaches a dust particle with a given charge. For this, their movement is calculated using equation 5. Whether they will hit the dust or not depends on the initial conditions. Four electron trajectories are shown in figure 3 ; they have equal initial position, but different initial velocities. Two of the electrons hit the dust.
Note that this figure only shows relatively simple trajectories with θ = 0. Figure 4 shows a mapping of simulated electrons with different initial velocities, also in the θ-direction. In this graph, the initial total speed
Initial velocities that result in the electron hitting the dust are indicated with green crosses; those not resulting in a dust hit are shown with red circles. The black and white areas are interpolations of these results. Electrons with initial velocities in the black area are expected to hit the dust particle; those in the white are not. Only electrons moving in the right direction towards the dust particle will be able to hit it. Since we start at r(0) > 0 and θ(0) = 0, this right direction will be centered around a negative r (0) and θ (0) = 0, as seen in the figure. The shape of the black region is not circular, but has an extension towards less negative inital velocities r (0). This is caused by electrons with trajectories such as line 3 in figure 3, hitting the dust particle from the side. The extension is only visible for relatively low speeds. For higher speeds, electrons moving in this direction would have hit the substrate first (line 4 in figure 3 ).
We integrate over the black region in figure 4 and divide this by all possible initial velocities (a half-circle with radius the total speed: 2πS
2 ). This gives us the total probability of an electron hitting the dust particle from this starting position with this speed (black line in figure 5 ).
For high speeds, the hit probability does not depend on the initial electron speed. In these cases the electrons will move in a straight line with their high momentum, which is hardly influenced by the electric fields. If the electron's initial velocity is in the direction of the dust, the electron will hit it, otherwise it will miss. Therefore the probability will be proportional to the angles occupied by the dust. This can be approximated by dividing the frontal area of the dust by a half sphere with radius the initial distance to the dust (see figure 6 ):
This equation (horizontal dashed red line in figure 5 ) is approached by the simulated results for high speeds. For lower speeds, the probability decreases, because part of the electrons is repelled by the negatively charged substrate and particle. To reach the substrate, the elec- 
6 m/s. The green crosses are initial conditions for which the electron hit the dust particle. The red circles are initial conditions for which it did not. The white and black shaded area are interpolations of these results.
tron needs a minimum speed
with φ surf the potential of the substrate. To reach the dust particle, the electron needs a slightly lower speed
because the potential is slightly lower at the position of the top of the dust particle. This last equation (left vertical dashed red line in figure 5 ) is a minimum speed for any hit probability. The minimum speed from simulations is slightly higher, because of the combination of the repelling potential from the dust particle and the attracting potential from its mirror charge. Some electrons may have speeds higher than the minimum required to reach the dust particle (equation 12; left dashed red line in figure 5 ), but lower than that required to reach the substrate (equation 11; right dashed red line in figure 5 ). These are repelled by the substrate, but may hit the dust particle from the side, like the red line in figure 3 . This causes the increase hit probability around 1.5 Mm/s.
The probabilities are multiplied with a Boltzmann distribution to weigh them with the probability of the initial speed (blue dotted line in figure 5 ). This distribution is integrated over all initial speeds to get the total probability of an electron hitting the dust particle from this starting position. The resulting probability (figure 7a) clearly reduces with initial position, because, as the horizontal distance grows, the probability of the electron moving in the right direction decreases. The maximum probability is not at 0. This is likely due to the electrons hitting the dust particle from the side as with line 3 in figure 3 . Figure 7b shows the same probabilities, but with no charge on the particle and the substrate. In this case one would not expect trajectories to bend away from the substrate towards the particle, as with line 3 in figure 3 . Therefore the maximum probability in this case is at a r = 0. All probabilities in the graph are higher compared to figure 7a, because no electrons are repelled by the substrate or the dust particle.
The probability in figure 7b can also be determined analytically. This is because both the dust and the substrate have no charge, and the electron will thus not be repelled by them; i.e. both equation 11 and 12 result in S min = 0. The electron will move with constant velocity. Its hit probability will be independent of the initial speed and will only be determined by the initial direction. The hit probability can therefore be calculated with equation 10 (dashed red line in figure 7b ), which resembles the simulated distribution. The simulations slightly underestimates the dust hit probability.
This analytical approach is only valid for a negligible charge on the substrate and the dust. If this is not the case, the electrons will no longer propagate in a straight line and this solution is no longer valid. In this case we will also have a Gaussian component, because only electrons with enough kinetic energy will be able to overcome the potential barrier from the dust. An additional component is expected from the path deviation towards or away from the dust particle due to the electric field from the substrate.
To calculate the total flux to the dust particle, we should integrate the hit-probabilities per initial position over the entire area and multiply this by the influx in equation 8. The results (continuous blue line in figure 8 ) clearly show that with more negative dust charge the electron flux decreases due to the repelling of electrons.
In addition to the electrons, we also model the ions (dashed red line in figure 8 ). For these we set the initial velocity at the Bohm velocity, directed towards the plate as described above (h (0) = −u B , r (0) = 0, θ (0) = 0). Therefore there is no need to map over all initial velocities, and one simulation per initial position suffices. If there is no charge on the dust particle, the ions will propagate straight downwards. Therefore only ions starting right above the dust particle will hit it and the flux will be
This equation (red cross in figure 8 ) agrees with the simulated ion flux for no dust charge. When there is charge on the dust particle, the ion trajectories will bent towards or away from the dust particle. This causes the increase in ion flux for more negative dust charges in figure 8 . At equilibrium dust charge there will be equal ion and electron fluxes. This is the crossing point of the two lines in figure 8 (indicated by the vertical dotted line). Any deviation from this point will result in a net current, returning the charge to this value. The equilibrium dust charge decreases when the substrate potential increases ( figure 9 ). This is because the substrate then attracts more electrons that may also reach the dust particle. For decreasing substrate potential the effect is reverse; elec- trons repelled. With sufficiently negative substrate potential, it is even possible to reach positive dust charges.
The dust charge scales slightly stronger than linearly with the dust size ( figure 10 ). This can be expected from the potential at the particle surface. The potential at the surface of a charged sphere scales inversely with the sphere's radius. Therefore a bigger sphere can gather a higher negative charge to reach the same electron- repelling potential.
C. Comparison to experiments
Wang et al. 17 have experimentally measured the charge on dust particles on a substrate in a plasma. This was done for, amongst others, alumina particles, sieved between 125 and 150 µm. The plasma was created using a hot filament. The plasma density n = 7.0 · 10 13 m −3 and the electron temperature T e = 3.5 eV were determined with a Langmuir probe. The hot filament was biased to -35 V, leading to a floating potential of -36 V.
In the present simulation we do not have a hot filament. We simulated a plasma with an electron population with T e = 3.5 eV, leading to a floating potential of -11.7 V. The resulting particle charge is shown in the continuous and dashed lines in figure 11 . The two lines represent simulations with particle size of 100 and 150 µm. The larger particles accumulate more charge (both positive and negative), as would be expected. Wang's particle size should be between these two results. These charges can only be qualitatively compared to the experimental measurements due to the difference in floating potential between the model and the experiments.
The experimental results from Wang et al. 17 are shown by the red dots with errorbars. These measurements are shifted by 4.7 V compared to the graph in their paper. This is done to include the plasma potential, as reported by them. The experimental measurements are in the same order of magnitude as the values found by the simulations, but there are some clear differences.
An obvious difference is the substrate potential leading to zero dust charge, which is around -14 V in the simulation and -36 V in the experiments. This is likely due to a different floating potential. The floating potential in the experiments is measured to be be -40.7 V compared to the plasma potential (left vertical red line in figure 11 ). This is likely due to the biased hot filament and the hot electron population emerging from it. In the simulation, there is no hot-electron population. Therefore the float- ing potential is only -11.7 V (right vertical red line in figure 11 ). For both simulation and experiments the dust charge is zero near the floating potential. However, the dust charge at the floating potential is negative in the simulations, while it is positive in the experiments. This difference is probably due to the high energetic electron population in the experiment, which was not present in the simulations.
At high negative potentials, the experimental charge seems to reach an upper limit, while the simulated charge keeps increasing. This can be due to additional secondary effects, which have not been simulated, such as a leakcurrent to the substrate.
In the positive substrate charge region, the steep decrease in simulated dust charge is due to the ion flux. A positive charge on the substrate repels the ions. This can cause all ions to be repelled, because we assumed all ions to start with the Bohm velocity. Therefore an equilibrium cannot be established. Here we should also note that Wang et al. 17 stated that, "In the experiments, positive bias potentials were not used because the electron current drawn from the plasma became so large that the plasma conditions were significantly changed."
D. Comparison to charge density estimate
A common practice in physics is to make an orderof-magnitude estimate. As we will show below, such a simple estimate deviates by multiple orders of magnitude from our simulation results. We will also show where this simple estimate goes wrong and why.
For the simple estimate, we take the substrate to be at the floating potential. In this case there will be no net flow of current to the substrate; the ion and electron flux balance each other. If the particle is much smaller than the Debye length, one could then naively say, that the particle would get the same surface charge density as the substrate, resulting in a particle charge
where σ is the surface charge density. Equation 3 was used for the second equality. This equation differs from the simulation result; i.e. it scales with the particle radius squared, while the simulations only show a slightly stronger than linear scaling. The above equation oversimplifies the problem. Firstly, it does not distinguish between a spherical particle and a pancake, while there is a clear difference, namely the height. We shall demonstrate this difference by placing a cylinder around our sphere and measuring the flux towards this cylinder. This allows us to distinguish between electrons and ions hitting the top and the side of the cylinder.
Note that this simulation uses a simplified combination of a sphere and a cylinder; we calculate the dust particle electric field as if it were a sphere, but its hit-area as if it were a cylinder. This is purely meant for demonstration purposes. For this example we use a sphere and cylinder diameter of 10 µm, smaller than the Debye length (λ D = 0.4 mm for T e = 2 eV and n = 7.0 · 10 14 m −3 ). With no charge on the particle, the ion flux (dashed red line in figure 12 ) equals the analytical equation 13 (red cross in figure 12 ). This flux consists of ions moving straight down to the top of the cylinder (dashed red line with squares). With decreasing dust charge, ions can bend towards the sphere and we see an increase in ion flux through the cylinder side (dashed red line with triangles).
With no charge on the particle, the electron flux through the top of the cylinder (continuous blue line with squares) is approximately equal to the ion flux. It is only slightly higher, because the top of the cylinder is not at the substrate, but 10 µm above it, where the electron flux is slightly higher. The total electron flux (continuous blue line without markers) is, however, much higher, due to a large contribution from the electrons that hit the side of the cylinder (continuous blue line with triangles).
To understand this, it is insightful to consider the velocity of the electrons. In the plasma bulk, the electrons have no preferential direction; their velocity perpendicular to the substrate will, on average, be equal to the velocity parallel to the substrate. However, electrons in the sheath, moving towards the substrate, are repelled by the substrate and therefore their perpendicular velocity decreases. This means that the electron flux parallel to the substrate will be higher than that perpendicular to the substrate, resulting in more electrons hitting the cylinder from the side. For the ions it is the other way around. These are accelerated towards the substrate. Therefore their perpendicular velocity is higher, and they will mainly hit the cylinder from the top. Because of the extra electron flux, the dust particle will charge negatively in the order of 10 3 e. This cylindercharge is comparable to the charge on a 10 µm sphere in figure 10 .
This charge is much more negative than the Q ≈ −1 · 10 2 e that would follow from the naive estimation in equation 14 . This means that the dust particle has a much higher surface charge density than the substrate. This can be understood from the influence that the substrate and particle charge have on the electron flux. The substrate surface is much bigger than the particle's surface. Therefore a small change in the substrate charge density will influence the total electric field and therewith the electron flux much stronger than the same change in the particle's surface charge density. In other words: the dust particle needs relatively more charge to balance the fluxes towards it than the substrate does. Assuming these are equal is, therefore, wrong and therewith equation 14 is invalid.
E. Comparison to capacitance estimate
Another simple estimate can be made for a particle in the plasma bulk. For this, we thus completely ignoring the substrate; i.e. there is no plasma sheath and the dust sphere is hit by electrons and ions from all sides. One can calculate the dust charge on a conducting sphere in free space with Q = Cφ sphere = 4π 0 Rφ sphere .
Here C is the capacitance of a sphere in free space and φ sphere is the potential of the sphere. This equation has the same radius-scaling as our results. Quantitative comparison is however impossible, without knowing the sphere potential φ sphere . The simplest estimate of the sphere potential is to set it equal to the floating potential. The result is shown by the middle dashed line in figure 10 .
Alternatively, the potential can be derived from OML theory 16 . Here, the potential is determined by balancing the electron and ion current to the sphere in the bulk of the plasma (i.e. no substrate sheath, electrons and ions coming from all sides):
The results (for T i = 300 K) are shown by the top dashed line in figure 10 . A more precise estimate for the sphere potential can be made by adjusting the ion current for a particle deep in the sheath. In this case the total ion velocity will not be their thermal velocity, but will be dominated by their directed velocity. This results in an ion current
with u i the ion velocity. For simplicity we will use u i = u B , while in reality u i > u B for a negatively charged surface. With this, the sphere potential can be calculated with
The results is shown by the bottom dashed line in figure 10. The three capacitance-based estimates all overestimate the negative charge; i.e. the charge on a dust particle on a substrate is smaller than the charge on an isolated dust particle in a plasma.
F. Removal force
The combination of charge on the particle and an electric field causes an electric force. This can be used to remove contamination from substrates 3, 7 . The force can be easily calculated from our simulations by multiplying the electric field from the substrate (equation 3) and the dust charge ( figure 9) . The results are shown by the dotted blue line in figure 13 for different substrate potentials. The figure shows negative forces at both high and low substrate potentials. These represent forces pushing the particle towards the substrate. At these extremes, the substrate and the dust have opposing charges, resulting in an attractive force. For intermediate substrate potentials, there is a region where both the substrate and the dust are charged negatively. This results in a repulsive force between them. The maximum repulsive force is 0.3 nN at a plate potential of -5 V. This is slightly above the floating potential (red vertical line).
There is, however, another electric force acting on the particles. This is due to the mirror charge. It is equal to the force between two point charges of opposite sign
This force (dashed red line in figure 13 ) will always be attractive, as the particle and its mirror always have opposite polarity. The magnitude of this force is, mostly, higher than the magnitude of the force due to the substrate electric field. Therefore the total electric force on the particle (black line in figure 13 ) is attractive for most substrate potentials. At the floating potential there is a small repulsive force.
Both the distance h D from the dust centre to the substrate and the dust charge Q scale roughly linearly with the particle radius, therefore equation 19 tells us that the for different particle radii. Both pulling and pushing forces are shown positive on the logarithmic scale.
mirror charge force scales little with particle size (dashed red line in figure 14) . The repulsive force from the substrate electric field scales linearly with the dust charge Q and therefore its radius R (dotted blue line in figure 14) . Therefore there will be a net removal force at the floating potential for particles larger than approximately 100 µm. When the particle rests on a non-conducting, in stead of a conducting, substrate there will be no mirror charge and thus no attracting force. The only force on the particle will be repulsive (blue line in figure 13 and 14) . This is relevant for dust contaminations on e.g. glass windows or solar-panels. Note that the absence of a mirror charge has very little influence on the particle charge and therefore the magnitude of this force.
G. Dusty surface
On extraterrestrial bodies, the electric removal force is thought to be responsible for lofting of dust particles above planetary surfaces 8 . In this case the dust particle is part of a dusty surface. One should keep this in mind when applying the present results.
In the dusty surface case, the particle is surrounded by neighbouring dust particles. These will block part of the side-flux,which was shown to be important for the total dust charge. Therefore the charge on a dust particle on a dusty surface will not necessarily be equal to the charge of a dust particle on a flat substrate. One should watch the topology of the surrounding surface. This difference is important, when comparing the present results to experiments with a thick layer of dust (e.g.
2,4-6 ).
IV. CONCLUSION
In this paper we have presented a model to simulate the charge of a dust particle on a substrate in a plasma. It is based on balancing the ion and electron fluxes towards the particle. These fluxes are influenced by the electrostatic attraction and repulsion of both the substrate and the particle. We found that it is very important to look at electron trajectories in 3D, because the dust particle will not only collect electrons and ions from the top, but also has an important electron flux contribution from the side.
The simulated dust charge resembles the experimental measurements performed by Wang et al. 17 . It, however, differs from what one would expect from a naive charge-density-estimate in which the surface charge density of the substrate and the particle are assumed equal, because this estimate neglects the particle height. The height causes an increased electron flux to the particle from the side, leading to a more negative particle charge. A betere estimate is to use a capacitor-model and ignore the nearby substrate. This only slightly overestimates the negative charge, because there are fewer electrons near the substrate than in a plasma bulk.
Calculations similar to the charge-density-estimate are, however, generally assumed in plasma lofting theory 3,7,8 . Hartzell and Scheeres 8 found that they needed a four to nine order of magnitude increase from this estimate to explain plasma lofting experiments. Flanagan and Goree 3 have proposed that the dust charge may be temporarily higher due to charge fluctuations, as was later confirmed in modelling work by Sheridan and Hayes 7 . This paper presents an alternative explanation. The mean dust charge on an electrically isolated particle is much higher than previously expected; it is much higher than the stochastic fluctuations found by Sheridan and Hayes 7 . We have found that, for our plasma conditions, particles smaller than approximately 100 µm are attracted to a conducting substrate at the floating potential. This is because the charged particles induce a mirror charge on the conducting substrate that causes a stronger attracting electric force than the repelling force from the unperturbed substrate charge. The mirror charge electric force dominates for smaller particles. This implies that in this case, there can be no lofting of particles smaller than approximately 100 µm.
For a non-conducting substrate there will be no mirror charge. In this case we find a lofting force up to 0.3 nN for 100 µm particles under our plasma conditions. This force scales roughly linearly with the particle size. This is stronger the square root scaling predicted by Sheridan and Hayes 7 , but weaker than the quadratic scaling from Hartzell and Scheeres 8 . The lofting force should be compared to the gravita-tional and adhesive forces to establish wether this will cause lofting. The gravitational force scales with the density of the particle and the gravitational acceleration. For a 100 µm polystyrene (density 1.05 g/cm 3 ) particle on earth it is 5 nN. This is higher than the lofting force of 0.3 nN, impeding lofting for this particle. For smaller size particles, however, gravity diminishes with the radius cubed, while the lofting force only decreases linearly. Therefore gravity becomes negligible for particles smaller than 10 µm. For these smaller particles, adhesion is the main force that the lofting force should overcome. Comparison to this is, however, complicated due to the large uncertainties herein caused by unknown local topology; the adhesion can vary orders of magnitude, from lofting to non-lofting conditions. We can say that the found force is higher than what was previously predicted, due to the higher particle charge. This can explain the gap between theory and experiments found by Hartzell and Scheeres 8 . Lastly, one should be careful when applying the present results to dusty surfaces, where the dust particle is surrounded by dust. This will block part of the sideways electron flux, which is important for the charging. Therefore one should look at the full 3D geography of the surface, that the particle is lying on.
In further investigation the proposed model should be applied to the plasma conditions and geometry as reported in the different experimental observations of particle release (e.g. [2] [3] [4] [5] [6] ). Furthermore, the simulations may be improved by implementing a more accurate plasma sheath model to replace the approximation of the screened substrate electric field.
